Summary:
The involvement of perivascular sensory fi bers containing substance P (SP) and calcitonin gene related peptide (CORP) in the events occurring in con junction with subarachnoid hemorrhage (SAH) has been studied in a rat model. Two days after blood injection, the time point at which maximum vasoconstriction is occur ring in this model, immunocytochemistry and radioimmu noassay showed a reduction in SP-and CORP-like immu noreactivity (LI). The quantitative measurements re vealed a significant 50% reduction of CORP-LI and a slight reduction of SP-LI in SAH as compared to con-
The cerebral circulation of the rat is supplied with a network of sensory fibers containing substance P (SP) and calcitonin gene-related peptide (CGRP). These nerve fibers originate in the trigeminal gan glia and in the dorsal root ganglia at the C 2 level (Mayberg et aI., 1984; Uddman et aI., 1985; Arbab et aI., 1986; Edvinsson et aI., 1989) . Immunocyto chemical studies have revealed that CGRP is present in a subpopulation of primary afferent neu rons, some of which also contain SP (Rosenfeld et aI., 1983; see Uddman et aI., 1985 see Uddman et aI., , 1986 . The tri geminal cerebrovascular system is activated by the induction of vasoconstriction with, for example, norepinephrine, prostaglandin F 2 u' or subarachnoid trois. This partial reduction in neurotransmitter content (denervation) caused no change in the sensitivity of the rat basilar artery to SP or CORP as studied using a sen sitive in vitro method. However, the maximum relaxant response to CORP was increased from 52 to 81% (p < 0.05), while there was no change in the maximum SP induced relaxations. It is suggested that not only a pre-, but also a postsynaptic modulation of perivascular sen sory fibers may occur in experimental SAH. Key Words: Calcitonin gene-related peptide-Substance P-Sub arachnoid hemorrhage-Cerebral artery-Rat.
blood (Edvinsson et aI., 1986; McCulloch et aI., 1986a,b; Moskowitz et aI., 1988; Sakas et aI., 1989) or the result of trigeminal afferents activating brain stem centers such as the nucleus of the solitary tract A 2 , which is projecting to the hypothalamus (Del gado, 1986; Svendgaard et aI., 1986) . The vasocon striction induced by subarachnoid blood, for exam ple, is markedly prolonged following lesion of the trigeminovascular pathway (ganglionectomy) but not after trigeminal nerve sectioning. In a prelimi nar study, we have observed that in patients who have died following subarachnoid hemorrhage (SAH), there is a depletion of CGRP-like immuno reactivity (LI) in brain vessels (Edvinsson et aI., 1990) . Furthermore, in patients with SAH vasocon strictions in the anterior part of the circle of Willis have been found to correlate with increased levels of CGRP-LI in the external jugular vein, reflecting activity of the trigeminal ganglion (Juul et aI., 1990) . On the basis of these observations in humans, we have designed the present study with an experimen tal model in rats to examine further a possible in-volvement of CGRP-and SP-containing nerve fi bers in the pathophysiology of SAH.
MATERIALS AND METHODS
Male Sprague-Dawley rats weighing 240-320 g (SPF strain, Mollegaards Breeding Center, Koge, Denmark) were used.
Surgical procedures
Homologous blood (0.3 ml) was injected via a previ ously (3-5 days before) implanted cisternal catheter (for details, see Delgado et ai., 1985) in rats anesthetized with barbiturate (Brietal, Eli Lilly; 40 mg/kg i.p.). Control an imals received 0.3 ml of saline Two days later, i.e., at the time point of maximum late spasm in rats following SAH (Delgado et ai., 1985) , the animals were killed. At this time, the cerebral blood flow has been found to be re duced by -25% (Delgado et ai., 1986) and the verte brobasilar artery diameter by -27% (Delgado et ai., 1985) .
Imm unocytochemistry
Specimens were obtained from the pia-arachnoid mem brane of animals decapitated under diethyl ether anesthe sia. Pial vessels from the cerebral convexity and from the base of the brain were stretched flat on chrome-alum subbed microscope slides as whole mounts and immersed in a mixture composed of 2% formaldehyde, buffered to pH 7.2 with 0.1 M phosphate buffer and 0.2% picric acid.
The whole mounts were then rinsed in a Tyrode solution containing 10% sucrose for 48 h, washed in phosphate buffer, and processed for the immunocytochemical dem onstration of SP and CGRP using the indirect immuno fluorescence method (Coons, 1958) .
The CGRP antiserum (code no. 8427; Milab, Malmo, Sweden) was raised in rabbits using a conjugate of syn thetic rat CGRP and bovine serum albumin (Grunditz et aI., 1986) . The CGRP antiserum was used in a dilution of 1:640. In the immunocytochemical studies, the CGRP an tiserum was found not to cross-react with SP or neuroki nin A (Sundler et ai., 1985) . The SP antiserum (code SP-8; gift from Dr. P. Emson, MRC, Cambridge, U.K.) was raised in rabbits against protein-conjugated synthetic bo vine SP and used in a dilution of 1:320. The SP antiserum did not cross-react with CGRP or neurokinin A. It did, however, cross-react with physalemin. The tissue sec tions were exposed to CGRP and SP antiserum overnight at 4°C in a moist chamber and to fluorescein isothiocy anate-Iabeled goat anti-rabbit immunoglobulin G (IgG) (Milab) for 1 h at room temperature in a dilution of 1 :320.
Controls were incubated with SP or CGRP antiserum inactivated by the addition of excess amounts of antigen (100 Ilg of synthetic rat CGRP or synthetic bovine SP per milliliter of diluted antiserum). Cross-reactivity with other peptides containing the same or similar immunore active sequences could not be excluded. It is therefore appropriate to refer to the immunoreactive material as SP-like or CGRP-like. For brevity, the immunoreactive material is referred to as SP and CGRP in the text.
Radioimmunoassay
Cerebral vessels were removed (the large arteries be longing to the circle of Willis), rapidly frozen on dry ice, and stored at a temperature of -70°C until analysis. For measurements of CGRP immunoreactivity, the material was minced and boiled in 0.9% NaCI for 10 min. The material was homogenized (Polytron, 1-2 min), centri fuged at 2,000 g for 15 min, and the suspension saved.
The pellet was boiled for 15 min in 0.5 M acetic acid and centrifuged at 2,000 g for 15 min; this second supernatant was added to the first and lyophilized. For radioimmuno assay, the freeze-dried material was taken up in 0.05 M phosphate buffer, pH 7.4 and 0.25% human serum albu min. CGRP-LI was measured by radioimmunoassay us ing antiserum K-8429 raised in immunized rabbits. For details on the radioimmunoassay, see Grunditz et ai. (1986) . The occurrence of authentic CGRP in the pial ves sels has been confirmed by reverse-phase HPLC (Udd man et ai., 1985) .
SP-LI was quantitated using a similar procedure as above; the antiserum used was SP-2, derived form a rab bit and used in a final dilution of 1 :50,000, with (tyrosine8)-SP as the tracer. The SP-2 antiserum does not detect any known tachykinin besides SP (for details, see Brodin et ai., 1985) . The authentic SP in cerebral vessels has been confirmed by HPLC (Edvinsson et ai., 1988) .
Responses of cerebral artery segments
The brains were rapidly removed, and the basilar artery was dissected free and placed in a cold buffer solution aerated with 5% CO2 in 02' The composition of the buffer solution was 119 mM NaCI, 4.6 mM KCI, 1.2 mM CaCI2, 1.2 mM MgCI2, 15 mM NaHC03, 1.2 mM NaH2P04, and 11 mM glucose, pH 7.4.
Vessel ring segments, 2 mm long, were mounted be tween two L-shaped metal prongs in 2.5 ml of mantled tissue baths maintained at 37.soC for recording of circular vasomotor activity (Hogestiitt et ai., 1983) . Isometric ten sion was measured with Grass (FT03) force-displacement transducers and recorded on a Grass polygraph. The cir cular vessel segments were given a passive load of 2 mN, and allowed to maintain this at a steady level of tension and to acclimate in the tissue bath for 90 min before test ing.
The contractile capacity of each vessel segment was first examined by a brief exposure to an isotonic potas sium-rich buffer solution that was prepared by exchang ing the NaCI in the standard buffer for equimolar amounts of KCI to achieve a K + concentration of 60 mM.
Since CGRP and SP induce relaxation of vessels, each segment was given an active tone by the addition of 5hydroxytryptamine (5-HT) (10-6 M) to the tissue bath.
This resulted in a contraction that was stable for about 20-30 min; during this period, the peptides were added and their capacity to relax the arteries examined. For further details, see the reports by Edvinsson et al. ( 1987 Edvinsson et al. ( , 1988 . As functional evidence for an intact endothelium, SP (present data) and acetylcholine (not shown) were found to cause concentration-dependent relaxation of the basilar artery of control and SAH (cf. Furchgott, 1984) .
Drugs
The following agents were used: rat calcitonin gene related peptide (CRB, U.K.), 5-hydroxy-tryptamine hy drochloride (Sigma, St. Louis, MO, U.S.A.), and sub stance P (Sigma). The drugs were dissolved and diluted in saline just prior to experimentation. Concentrations be low are given as moVL.
Statistics
Maximum dilatation (Imax) is expressed as a percentage of 5-hydroxytryptamine (5-HT)-induced contraction and the ICso (concentration of agonist eliciting half-maximum relaxation). These variables were used for comparison of SAH on the relaxant responses to the peptides. Values in figures are given as mean ± SEM and in the text and Table 1 , as mean ± SD. Statistical analysis was carried out using Student's t test.
RESULTS

Innervation of cerebral blood vessels
The immunocytochemical studies revealed a lon gitudinally oriented network containing numerous CGRP-LI and a moderate number of SP-LI nerve fibers around the large arteries belonging to the cir cle of Willis (Figs. lA and 2A) . Few CGRP-and SP-LI fibers were seen in arterioles on the cerebral convexity. Following SAH, the network of CGRP LI fibers was reduced (Fig. 2B) . Due to the more restricted amount of SP-LI fibers, the reduction in SP fibers was difficult to assess, but the impression was that of a slight reduction in the network (Fig.  IB) .
Radioimmunoassay of CGRP
The concentration of CGRP-LI in cerebral ves sels was 6.3 ± 1.0 pmol/mg of wet weight in saline injected animals and 2.8 ± 0.2 pmol/mg of wet weight in the SAH animals (Student's t test, p < 0.05). The level of SP-LI was 2.9 ± 1.5 pmol/mg in sham treated animals and 2.1 ± 0.6 pmollmg 10 SAH animals (p > 0.05).
Vasomotor responses of isolated cerebral arteries
CGRP and SP induced concentration-dependent relaxations in precontracted basilar artery segments (Table 1 ). The amount of relaxation and the sensi tivity of the precontracted arteries was more pro nounced for CGRP than for SP. There was no sig nificant difference in maximum response and sensi tivity to SP between arteries from SAH and control animals (Fig. 3a) . Although the sensitivity to CGRP was not altered by SAH, the maximum relaxation was significantly (p < 0.05) enhanced by SAH (Fig.  3b ).
DISCUSSION
The present study has demonstrated that (a) the sensory innervation of the cerebral circulation by CGRP-LI fibers appears to be reduced after exper imental SAH (estimated by the number of fibers present) and a slight (nonsignificant) reduction in SP-LI (radioimmunoassay); and (b) there is a larger response to CGRP in basilar arteries after SAH as compared to vessels from saline-injected animals. Intracisternal injection of 0.3 ml of blood causes an acute spasm of basilar and vertebral arteries by about 36% and a late spasm of about 23% after 48 h. This is followed by a gradual return of vessel diam eter to preinjection caliber (Delgado et aI., 1985) . In the present study, the rat SAH model was utilized in order to investigate the possible role of the sen sory innervation of the cerebral circulation in SAH. Preliminary findings from patients revealed that in subjects suffering from a fatal SAH (within 7-10 days), the CGRP-LI was significantly reduced in middle cerebral arteries as compared to subjects dead from a coronary infarction (Edvinsson et aI., 1990) . In SAH rats, there was a reduced amount of CGRP-LI fibers; this was supported by the radio immunoassay measurements of CGRP-LI. In an-other SAH model, marked reductions in SP-LI lev els were observed in rabbit basilar arteries at 4 and 48 h (Linnik et al., 1989) . The changes in SP-LI levels were accompanied by increases of the SP-LI levels in the trigeminal ganglion and in the content of prep rot achy kinin mRNA. Thus, the present find ing complements this study of an involvement of the trigemino-cerebrovascular system in SAH. Th�re duction in CGRP-LI and SP-LI could be due to re l��se ()f th�:iI:� n�ll1it1ers -fro· m]h��i�!IYi�iiiar nerve terll1inals cause<f!?y-Wood in_lhe suba(!M;h:: noi dsPll(;�' "Theblo()d=induced stimulation might also liberate transmitters at the central nerve end ings in the brainstem, e.g., the tractus solitarius-A 2 nucleus (Svendgaard et al., 1987) . This is a relay station for further transfer of information to the hy- Values given represent means ± SD. n = number of experiments. There was no difference between the groups except that the CGRP response was stronger in SAH than in controls (Student's t test; Qp < 0.05). pothalamus including the median eminence, which has been suggested to be a brain stem site involved in induction of cerebral vasospasm following SAH (Svendgaard et aI., 1986) . Another explanation could be that blood, per se, induces vasoconstric tior.. This constriction may activate a reflex at a ganglionic level whereby CGRP and SP are released in the vessel walls to maintain the resting vessel diameter (Edvinsson et aI., 1986; McCulloch et aI., 1986a,b) . Since the peptides are released from the nerve terminals without reuptake, the refilling of the terminal stores is dependent on resynthesis in nerve cell bodies. Therefore, it is conceivable that, in SAH, the prolonged vasoconstriction exhausts the perivascular supply of CGRP and SP following a longer period of activation of this pathway, as seen in this study.
It is known that CGRP and SP are vasodilators of cerebral and peripheral arteries (Brain et aI., 1985;  J Cereb Blood Flow Metab, Vol. 10, No.5, 1990 Edvinsson et aI., 1985 Edvinsson et aI., , 1987 Edvinsson et aI., , 1988 Uddman et aI., 1985 Uddman et aI., , 1986 Marshall et aI., 1986) . CGRP was found to be more potent and induced stronger relaxant effects than SP. CGRP-induced relaxation of cere bral vessels involves activation of adenylate cy clase, whereas the SP response is mediated via the release of an endothelium-derived relaxing factor (EDRF) (Furchgott, 1984; Edvinsson et al., 1985) . In the present study, we observed that SAH re sulted in an increased relaxant response of the rat basilar artery to CGRP. However, the sensitivity (pDz value) was unchanged. In contrast, CGRP induced relaxation was unaltered in cerebral arter ies from a rabbit SAH model (Hongo et aI., 1989) . Our observation that the SP-induced relaxations (as well as acetylcholine-induced relaxation, unpub lished results) were unaffected by SAH suggests that the endothelium-dependent relaxation is not al tered by a single injection of blood. Support for such an observation is provided by Nakagomi et al. (1987) , who observed that the endothelium-depen dent relaxation by acetylcholine was not changed in the rabbit basilar artery after a single subarachnoid injection of blood. Differences between various studies may be due to the amount of blood injected, to the species, and to the time point of study after the experimental SAH. The present study has shown that the sensory innervation of the rat cere bral circulation loses part of its content of CGRP-LI 2 days after SAH at a time point coinciding with maximum spasm (Delgado et aI., 1985) . This sug gests that a presynaptic mechanism may be in volved in the sequalae, since we observed a reduc tion in sensory innervation, sharing some charac teristics of attenuated norepinephrine innervation after SAH in rabbits (Edvinsson et aI., 1982) . Since there was an increase in the response of the rat basilar artery to CGRP, but not SP, following SAH as compared to controls, a postsynaptic mechanism also seems to be altered in the present SAH model. 
